Introduction: Soluble cytokine receptors (sCRs) modulate the in vivo activity of cytokines. Deficient sCR production could participate in the pathogenesis and course of Crohn's disease (CD). The aim of the study was to examine the profile of sCRs in CD patients and their modulation by infliximab and corticosteroids. Methods: We prospectively examined active CD patients (aCD) treated with either infliximab (n = 21) or corticosteroids (n = 9), CD patients in clinical remission (rCD, n = 20), ulcerative colitis patients (UC, n = 24), and healthy subjects (HS, n = 15). Cultures of colonic biopsies were also examined from CD inflamed (n = 8), CD non-inflamed (n = 7), and healthy mucosa (n = 8). Levels of tumour necrosis factor a (TNF-a), soluble TNF receptor I (sTNFRI), soluble TNF receptor II (sTNFRII), interleukin 1b (IL-1b), soluble IL-1 receptor I (sIL-1RI), soluble IL-1 receptor II (sIL-1RII), IL-6, soluble IL-6 receptor (sIL-6R), and sgp130 were measured using ELISA. Results: Higher levels of sTNFRI (p,0.05, p,0.01), sTNFRII (p,0.01, p,0.01), sIL-1RI (p,0.05, NS), IL-6 (p,0.01, p,0.01), and sIL-6R (p,0.05, NS) were observed in aCD compared with rCD and HS. Interestingly, sIL-1RII (p,0.05, p,0.01) and sgp130 (p,0.01, p,0.01) were profoundly decreased in aCD compared with rCD and HS, and were negatively correlated with CRP. Deficient production of sIL-1RII was specific to CD (not observed in ulcerative colitis), and was further confirmed at the mucosal level. Infliximab decreased sTNFRII at one and four weeks (p,0.05) and enhanced sIL-6R levels at one week (p,0.05). Corticosteroids increased sIL-1RII levels at one week (p,0.05). Conclusion: CD is associated with dysregulated production of sCRs. Deficiency in sIL-1RII and sgp130 may be essential to CD pathogenesis. Their replacement through the use of fusion proteins could represent future alternative therapeutic strategies for CD. C ytokines are key players in the triggering of inflammation and development of the acute phase response (APR). Their effects are mediated through binding to specific membrane bound receptors expressed on target cells. 1 Soluble forms of these receptors are generated in vivo, either by proteolytic cleavage of their membrane forms or by alternative splicing, 2 and act as cytokine scavengers. Most soluble cytokine receptors (sCRs) prevent cytokines from binding to their cognate membrane receptors and thereby inhibit cytokine signalling. An important exception to this rule is trans-signalling where a soluble receptor promotes cytokine signalling. For example, soluble interleukin 6 receptor (sIL-6R) potentiates IL-6 mediated signal transduction on IL-6R2 and gp130+ expressing cells. 3 Conversely, the soluble form of gp130 can bind to sIL-6R/IL-6 complexes and prevent their interactions with membrane gp130 on target cells. 4 Thus sCRs actively control feedback regulatory loops during inflammation.
Crohn's disease (CD) results from an inappropriate innate immune response to the gut lumen microflora. Recognition of bacterial products through toll-like receptors expressed on intestinal epithelial cells and mucosal macrophages induces the release of a large amount of proinflammatory mediators. 5 6 Interleukin 1b (IL-1b), tumour necrosis factor a (TNF-a), and IL-6 orchestrate the APR, which can lead to a selective innate immune response. 7 These cytokines in turn stimulate the adrenal release of cortisol and induce reprioritisation of hepatic protein synthesis. This leads to increased production of acute phase proteins, of which C reactive protein (CRP) is the most representative. While very little is known about the role of sCRs in CD, it is likely that their production may ultimately influence CD activity.
The aim of this study was to characterise the profile of sCRs (sIL-6R, sgp130, soluble IL-1 receptor I (sIL-1RI), soluble IL-1 receptor II (sIL-1RII), soluble TNF receptor I (sTNFRI), and soluble TNF receptor II (sTNFRII)) in quiescent and active CD. Furthermore, we prospectively examined the pattern of sCRs production after corticosteroid and infliximab administration in these CD patients in order to understand their regulation and role during the course of the disease.
MATERIALS AND METHODS
Selection of patients and study design Fifty patients with CD, diagnosed on the basis of accepted clinical, radiological, endoscopic, and pathological criteria, were recruited from one centre at Erasme Hospital, Brussels, Belgium. Thirty of these 50 patients had active disease (aCD), as defined by a Crohn's disease activity index (CDAI) 8 .150. They received either infliximab (5 mg/kg; n = 21) 9 or intravenous corticosteroids (methylprednisolone 0.5 mg/kg; n = 9) 10 according to standard recommendations. These 30 CD patients were prospectively followed for four weeks after treatment. Blood samples were drawn at baseline, and one and four weeks after treatment. Patients who were treated with infliximab received either a single infusion of infliximab (5 mg/kg) or the three dose regimen, with infusions on weeks 0, 2, and 6. All CD patients treated with infliximab went into clinical remission (CDAI ,150) during the follow up period. Twenty of these 50 patients were in clinical remission (rCD), as defined by a CDAI ,150. They had normal CRP levels and were not receiving immunosuppressive therapies. The clinical characteristics of these patients are shown in table 1. CD location (upper gastrointestinal tract, ileum, colon, and ileocolon) and behaviour (non-stricturing non-penetrating, stricturing, and penetrating) were assessed according to the Vienna classification (table 1).
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Twenty four patients suffering from ulcerative colitis (UC), diagnosed on the basis of clinical, radiological, endoscopic, and pathological criteria, were recruited from our centre, Erasme Hospital. The severity of the disease was assessed according to the criteria of Truelove-Witt. 12 13 Thirteen patients had active disease while 11 patients were in clinical remission (no symptoms, normal CRP levels, and no immunosuppressive drugs). Clinical characteristics of the UC patients are shown in table 2.
Plasma was aliquoted and stored at 220˚C until assay. CRP levels were measured automatically in the hospital's laboratory, according to standard procedures. The study was carried out after approval of the ethics committee of Erasme Hospital.
Intestinal biopsies
Colonic biopsies were obtained from 15 CD patients from macroscopically and microscopically non-inflamed (n = 7) or inflamed (n = 8) mucosa during colonoscopy. The control group included eight patients without inflammatory bowel disease who underwent colonoscopy for irritable bowel syndrome or polyp/cancer screening. All controls were free of intestinal disease. All patients required colonoscopy for medical reasons and the protocol was approved by the ethics committee of Liège University Hospital and the ethics committee of Erasme Hospital.
Tissue culture
Biopsy specimens were obtained, transferred to the laboratory, and immediately handled within three hours of biopsy. They were gently washed three times in CMF-Hank's medium (Gibco, Invitrogen, Merelbeke, Belgium) supplemented with antibiotics, blotted carefully, weighed, and individually placed in 24 well tissue culture plates in triplicate. Intestinal tissues were cultured in RPMI 1640 (Gibco) supplemented with 10% heat inactivated fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin at 37˚C in humidified 95% air/5% CO 2 , as previously described.
14 After overnight culture, the supernatants were collected, centrifuged, and stored at 280˚C until assay. Lactate dehydrogenase levels were also measured to assess the amount of tissue necrosis. Histological analyses were performed in parallel to demonstrate structural integrity. Immunoassays TNF-a, sTNFRI, sTNFRII, IL-1b, sIL-1RII, IL-6, sIL-6R, and sgp130 were measured using quantitative sandwich enzyme immunoassays (Quantikine; R&D systems, Abingdon, UK). sIL-1RI was measured using a specific immunoassay (Duoset; R&D systems). The sensitivity of the assays was 15.6 pg/ml (TNF-a), 7.8 pg/ml (sTNFRI, sTNFRII), 3.9 pg/ml (IL-1b), 31.2 pg/ml (sIL-1RII, sIL-6R), 3.12 pg/ml (IL-6), 0.25 ng/ml (sgp130), and 62.5 pg/ml (sIL-1RI). Plasma samples were diluted before assay. Cytokine receptors and their ligands were measured according to the manufacturer's recommendations. When measuring cytokine and sCR levels in the supernatant of colonic biopsy cultures, their concentrations were always corrected for tissue weight (concentrations are shown per ml of supernatant and per mg of tissue).
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Statistical analysis
Data are expressed as median (min2max). sCR systemic levels were first compared between the three groups (healthy subjects, and rCD and aCD patients), using the KruskalWallis test. The Mann-Whitney U test was then used for post-hoc analysis; p values were corrected for multiple comparisons. The results are shown as box plots. Correlations between parameters were performed using Spearman's rank correlation coefficient. Comparison of sCR levels at baseline and one and four weeks after drug administration was performed by the Wilcoxon signed rank test. Analyses were realised using the SPSS 11.0 software.
RESULTS
Levels of soluble cytokine receptors and their ligands in healthy subjects and in aCD and rCD
To examine the influence of CD and its activity on systemic levels of sCRs, we compared levels of sCRs in aCD with those in rCD patients and healthy subjects. Soluble TNFRI (1709 (552-4046) v 1087 (461-2500) v 922 (420-1645) pg/ml; p,0.05 and p,0.01, respectively) and sTNFRII (2353 (1760-6726) v 853 (413-1849) v 675 (371-1385) pg/ml; p,0.01 and p,0.01, respectively) levels were significantly higher in aCD patients than in rCD patients and healthy subjects ( fig 1A) . In rCD patients, soluble TNFRI levels were similar to those of healthy subjects (NS, p = 0.537). However, levels of sTNFRII were significantly increased in rCD patients compared with those of healthy subjects (853 (413-1849) v 675 (371-1385) pg/ml; p,0.05). TNF-a was not detectable in the plasma of any subject or patient.
Interestingly, circulating levels of sIL-1RII were significantly decreased in rCD patients compared with those of healthy subjects (16007 (9855-25 507) v 20073 (14537-28 505) pg/ml; p,0.05). This decrease was even more pronounced in aCD (12516 (6270-23 996) pg/ml) compared with rCD (16007 (9855-25 507) pg/ml; p,0.05) and healthy subjects (20073 (14537-28 505); p,0.01) (fig 1B) . Conversely, sIL-1RI levels were higher in aCD patients (647 pg/ml (198-1485)) than in rCD (377 (63-1495) ; p,0.05) and not significantly different to those in healthy subjects (544 (73-2761) pg/ml; NS, p = 0.081) (fig 1B) . Circulating IL-1b was only detected in a few patients (data not shown) with no differences between groups.
Higher levels of IL-6 were observed in aCD patients (15.1 (0-69) pg/ml) than in rCD patients (2.6 (0-7) pg/ml; p,0.01) and healthy subjects (1.6 (0-4) pg/ml; p,0.01). Four aCD patients (4/30), six rCD patients (6/20) , and six healthy subjects (6/15) had no detectable systemic levels of IL-6. Soluble IL-6R was significantly higher in aCD patients than in rCD patients (38 225 (30 527-56 236) v 28 956 (19 467-50 000) pg/ml; p,0.05) but this difference was not observed between aCD and healthy subjects (NS, p = 0.783). Interestingly, the level of the soluble form of the subunit gp130 was significantly lower in aCD patients than in healthy subjects and rCD (220 (138-310) v 273 (213-375) v 278 (229-449) ng/ml; p,0.01 and p,0.01, respectively) ( fig 1C) . No differences were observed between circulating levels of IL-6, sIL-6R (28 956 (19 467-50 000) v 32 722 (20 604-50 000) pg/ml; NS, p = 0.36), and sgp130 (NS, p = 1) of rCD patients and healthy subjects.
Correlations between baseline levels of CRP, soluble cytokine receptors, and IL-6 in aCD, rCD, and healthy subjects As sCR and IL-6 levels varied among the three study groups and they are considered major regulators of the APR, we attempted to determine whether their levels were associated with systemic inflammation, as defined by the CRP level. As expected, there was a strong association between IL-6 and CRP plasma levels (r = 0.548, p,0.001). Soluble TNFRI and sTNFRII levels also positively correlated with CRP levels (r = 0.606, p,0.001; r = 0.636, p,0.001, respectively). A weaker but significant correlation was also observed between sIL-1RI and CRP levels (r = 0.281, p = 0.031). No correlation was found between sIL-6R and CRP levels. A significant correlation between circulating levels of sIL-6R and CRP was observed only in aCD and rCD patients (r = 0.332, p = 0.028). Interestingly, sgp130 and sIL-1RII plasma levels negatively correlated with CRP levels (r = 20.365, p = 0.004; and r = 20.444, p,0.001, respectively) (fig 2A, B) . While a positive correlation was demonstrated between CDAI and CRP levels (r = 0.392, p,0.05), a negative correlation was observed between CDAI and sIL-1RII levels (r = 20.38, p,0.05). There was no correlation between CDAI and others sCRs.
IL-6 is known to induce counterregulatory mechanisms in APR and to increase expression of sTNFRI and sTNFRII. 16 17 In this study, a positive association between IL-6 levels and sTNFRI and sTNFRII levels was observed (r = 0.46, p,0.001 and r = 0.542, p,0.001, respectively). Finally, we found that IL-6 levels correlated negatively with those of sIL-1RII and sgp130 (r = 20.267, p = 0.031 and r = 20.327, p = 0.008).
Levels of soluble cytokine receptors and their ligands in healthy subjects, in active UC (aUC), and UC in clinical remission (rUC)
To determine whether the pattern of regulation of sCRs described above was specific to CD, we looked at production of sCRs in UC patients. Regulation of sTNFRI and sTNFRII was very similar to that in CD patients. sTNFRI (2046 (1006-4412) v 922 (420-1645) pg/ml; p,0.01) and sTNFRII (2373 (1298-4815) v 675 (371-1385) pg/ml; p,0.01) levels were significantly higher in aUC patients than in healthy subjects. Soluble TNFRII levels were also higher in aUC patients than in rUC patients (2373 (1298-4815) v 1250 (1021-2359) pg/ ml; p,0.01). However, levels of sTNFRI were similar in both rUC and aUC patients (2184 (1547-3699) v 2046 (1006-4412) pg/ml; p = 1, respectively). There were positive correlations between CRP, sTNFRI, and sTNFRII levels (sTNFRI: r = 0.39, p,0.05 and sTNFRII: r = 0.468, p,0.01, respectively) and positive correlations between IL-6 and sTNFRs (sTNFRI: r = 0.537, p,0.01; sTNFRII: r = 0.627, p,0.01). CRP (mg/dl) IL-6 (pg/ml) sTNFRII (pg/ml) sIL-6R (pg/ml) Figure 5 Plasma levels of C reactive protein (CRP) (A), interleukin 6 (IL-6) (B), soluble IL-6 receptor (sIL-6R) (C), and soluble tumour necrosis factor receptor II (sTNFRII) of Crohn's disease patients with active disease after infliximab administration. Results are expressed as mean (SEM) and statistical comparisons were performed using the Wilcoxon signed rank test. *p,0.05, **p,0.01.
In patients with UC, whether active or in remission, there were no significant differences in circulating levels of sIL-1RI (533 (295-623) and 376 (261-569) v 523 (73-2761) pg/ml; p = 1 and p = 0.058, respectively) and sIL-1RII (19 888 (10 986-29 015) and 21 479 (13 734-41 708) v 19 944 (14 537-28 505) pg/ml; p = 1 and p = 1, respectively) compared with those observed in healthy subjects (fig 3) . This is in contrast with what was demonstrated in CD. Indeed, there was no negative correlation between sIL-1RII and CRP levels in UC patients (r = 20.12, p = 0.467).
Higher levels of IL-6 (20.62 (0-293.31) v 5.67 (0-12.42) v 1.6 (0-4) pg/ml; p,0.01 and p,0.01, respectively) and lower levels of sgp130 (176 (96-374) v 265 (182-437) v 273 (213-375) ng/ml; p,0.05 and p,0.05, respectively) were also observed in aUC patients compared with rUC patients or healthy subjects (fig 3) . Interestingly, sgp130 levels seemed to be negatively correlated with CRP levels (r = 20. Mucosal levels of sIL-1RII and sgp130 in Crohn's disease To examine if systemic dysregulation of the production of sIL-1RII and sgp130 in CD patients also occurred at the mucosal level, these two sCRs were measured in the supernatant of primary cultures of colonic biopsies from macroscopically and microscopically inflamed (CDinf) and non-inflamed (CDnon-inf) mucosa of CD patients. Levels were compared with those from colonic biopsies from normal mucosa (healthy colonic mucosa (HCM)). Soluble IL-1RII levels were lower in the supernatant of primary cultures of CDnon-inf (70 (41-129) v 172 (81-690) pg/ml6mg; p,0.05) and CDinf (56 (11-152) v 172 (81-690) pg/ml6mg ; p,0.01) mucosa than in the supernatant of HCM. No significant difference was observed in the production of sIL-1RII by CDnon-inf and CDinf mucosa (fig 4) . Interestingly, this lower production of sIL-1RII by CDinf mucosa was associated with higher levels of IL-1b than in HCM and CDnon-inf mucosa (186 (61-1508) v 4 (1-48) v 13 (2-68) pg/ml6mg; p,0.01 and p,0.01, respectively). However, there were no significant differences in sgp130 levels in the supernatant of primary cultures of CDnon-inf, CDinf, and HCM mucosa (76 (12- 5D) . Infliximab had no effect on sTNFRI levels. Soluble IL-1RI, sIL-1RII, and sgp130 levels were not altered by infliximab. Interestingly, infliximab induced an increase in sIL-6R at one week (41 220 (24 957-71 737) v 38 022 (22 188-56 236) pg/ml; p,0.05) before returning to pretreatment levels at four weeks 6B) . Corticosteroids had no significant effect on plasma levels of sTNFRI or sTNFRII. However, corticosteroids induced a significant increase in sIL-1RII at one week (13 120 (9156-15 096 ) to 17 348 (10 792-21 577) pg/ml; p,0.05) and of sIL-1RI at four weeks (664 (620-1256) to 772 (709-1396) pg/ml; p,0.05) (fig 6C, 6D) . Levels of sIL-6R and sgp130 were unchanged by corticosteroid administration.
DISCUSSION
The complex regulation of sCRs may bring further insight into the pathogenesis and course of Crohn's disease. This present study conveys two new important messages. Firstly, plasma levels of the anti-inflammatory soluble type II IL-1 receptor (sIL-1RII) were significantly decreased in CD patients, whether in clinical remission or active disease. Deficient production of sIL-1RII appeared to be specific to CD as it was not observed in UC, and was further confirmed at the mucosal level. Secondly, plasma levels of the soluble form of the gp130 subunit (sgp130) were decreased in active CD patients. This decrease was not specific to CD as it was also demonstrated in UC patients with active disease, and appeared to be only systemic as it was not observed at the intestinal mucosa level.
Soluble IL-1RII represents a major counterregulatory mechanism of IL-1b. Importantly, a significant decrease in sIL-1RII was observed in rCD patients compared with healthy subjects, independent of systemic inflammation. This decrease was even more dramatic in active CD and negatively correlated with the magnitude of systemic inflammation, as reflected by CRP plasma levels. Soluble IL-1RII functions as an inhibitor of the IL-1b pathway either by capturing IL-1 and preventing its interaction with the ''real'' type I IL-1 receptor (IL-1RI) or by inhibiting the processing of the pro-IL-1b molecule and the formation of the active cytokine. 18 This deficit in a major counterregulatory mechanism of IL-1b may play a role in the pathogenesis of CD. Importantly, corticosteroids significantly increased sIL-1RII levels in active CD patients. Inhibition of IL-1b activity due to increasing levels of sIL-1RII may constitute a mechanism of action by which corticosteroids induce clinical remission in CD. If true, this would be in contrast with the effect observed with infliximab, which did not change sIL-1RII levels in aCD patients although it did trigger resolution of the inflammatory process, as demonstrated by the decrease in CRP and IL-6 levels. The regulation of sIL-1RII contrasted with the regulation of sIL-1RI which increased in active CD compared with rCD, as previously reported in endotoxaemia. 19 Soluble IL-1RI has been reported to enhance IL-1b activity through a phenomenon called ''reverse signalling'' in which non-specific membrane fixed IL-1 triggers activation of the AcP subunit and intracellular transduction by binding to sIL-1RI. 20 21 Thus regulation of sIL-1 receptors in CD and induction of sIL-1RII by corticosteroids may underscore the influence of sIL-1 receptors on the course of the disease.
The soluble form of gp130 acts as a potent antagonist of the complex sIL-6R/IL-6 by preventing this complex from signalling via membrane bound gp130. 22 Its dramatic decrease in active CD and its negative correlation with CRP levels, together with high concentrations of IL-6 and sIL-6R, as previously shown, 23 24 highlighted the deficient inhibitory regulatory effect of sgp130 on the sIL-6R/IL-6 complex. Importantly, the sIL-6R/IL-6 complex prevents apoptosis of lamina propria T cells by inducing expression of the antiapoptotic genes bcl-2 and bcl-x1, which explains T cell resistance to apoptosis in CD. 25 Thus sgp130 deficiency could result in stronger activation of the IL-6 transduction pathway and may be essential for CD activity. In line with this hypothesis, Atreya and colleagues 25 demonstrated that administration of a gp130-Fc fusion protein induced suppression of colitis activity in an experimental model of murine colitis. Absence of regulation of sgp130 by infliximab and corticosteroids suggests that these therapies act on IL-6 signalling, mostly by decreasing IL-6 plasma concentrations. Surprisingly, infliximab induced a significant increase in sIL-6R at one week. Soluble IL-6R enhances IL-6 activity by activating gp130+ cells (trans-signalling phenomenon), and increases the circulating half life of IL-6. 26 Both IL-1 and IL-6 decrease IL-6R mRNA expression in lipopolysaccharide activated monocytes. 27 Similarly, TNF-a diminishes the interferon c induced increase in IL-6R in human monocytes. 28 Therefore, the decrease in IL-6 or specific neutralisation of TNF-a could explain the infliximab mediated increase in sIL-6R observed here, in aCD patients. The therapeutic advantage of this upregulation remains to be explored.
Soluble TNFRs act as inhibitors of TNF-a activity and represent a natural protective mechanism against the toxic effects of TNF-a, 29 mostly by preventing the interaction of TNF-a with their membrane bound receptors. 30 31 Both sTNFRs (I: p55 and II: p75) levels were increased in active CD patients and were significantly correlated with CRP levels.
32-34 TNF-a was not detectable in the plasma of our CD patients. Detection of soluble TNF-a in the plasma of aCD patients appears highly variable; some studies demonstrated a systemic increase 35 36 while others did not. 37 This discrepancy could be explained by the different immunoassays used and their sensitivity. Interestingly, this circulating TNF-a seems to be biologically inactive, as shown by bioassays, 37 and may be neutralised by sTNFRs. Infliximab decreased plasma levels of sTNFRII, underscoring the important role of TNF-a as a potent inducer of sTNFRII expression in vitro and in vivo. 38 The observation that sTNFRI was poorly regulated by infliximab emphasises the different regulation of expression of the two soluble receptors in vivo. 39 40 Thus regulation of sTNFRs did not seem to be beneficial to CD treatment as both corticosteroids and infliximab did not appear to enhance their production as patients went into disease remission.
Overall, corticosteroids and infliximab demonstrated very different effects on sCRs. Unfortunately, the role of concomitant therapies such as azathioprine, methotrexate, and budesonide could not be assessed because of the small size of the treatment groups.
In conclusion, active CD is associated with dysregulation of sCRs production and, especially, with a decrease in systemic and mucosal levels of the anti-inflammatory sIL-1RII and in systemic levels of sgp130. Our findings suggest that these decreases might be essential to the pathogenesis and course of CD. Furthermore, a striking finding was the specific regulation of sIL-1RII in CD compared with UC. This indicates that common generic signalling pathways of inflammation can be specifically dysregulated in CD or UC. Thus targeting common biological pathways may not always be appropriate to treat both diseases. This study suggests that the use of a sIL-1RII fusion protein in CD could represent a future alternative therapeutic strategy for CD patients.
